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ABSTRACT
As energy constraints and consumption in the world increase, it is important to investigate all areas of technology
for improvement. In the residential building sector, clothes drying is a significant consumer of energy accounting for
6% of residential electricity in the U.S. (EPA, 2011). Heat pump technology has become increasingly popular for
residential tumble clothes dryers. This paper presents a detailed review of heat pump tumble dryer research covering
technologies for air conditioning waste heat recovery, recuperative heat exchangers, system modeling, and control
optimization. Additional technologies related more broadly to vapor compression cycle enhancement are also
reviewed, including alternative working fluids, variable-capacity systems, and component technologies. Future areas
for research are identified to enable the next generation of heat pump dryer energy efficiency.

1. INTRODUCTION
The review of research on heat pump tumble dryers (HPDs) begins with a comparison between existing HPDs and
standard electric dryers (SED) in terms of energy usage and efficiency. Reviewed HPD research efforts include
investigation of chamber dryers, the use of air conditioning waste heat, the use of recuperative heat exchangers, the
use of alternative working fluids, thermoelectric technology, system modeling, and control optimization.
A review of research related to the vapor compression cycle and component improvements is also included with the
goal of identifying technologies that can lead to the next logical evolution of HPDs. The areas of interest include
alternative working fluids, variable capacity systems, and control optimization. Gluesenkamp et al. (2020) provided
a thorough evaluation of the theoretical efficiency of various clothes drying methods including HPDs, SEDs,
thermoelectrics, and natural drying. The efficacy of additional technologies including microwave and vacuum
drying, although not currently used in the residential sector, is also discussed. It is shown that HPDs, unheated
forced air drying, and natural air drying have the highest efficiency potential. Of these, HPDs have the shortest
potential drying time. This further informs the focus on HPDs for the main drying technology.
Finally, future areas of research and development for HPDs are discussed. These include the use of variable capacity
compressors and systems, the use of thermal or electronic expansion valves in place of a fixed capillary tube, the use
of control systems to optimize the performance during each stage of the drying cycle, alternative refrigerants to
replace the standard used R134a, and the creation of a transient dryer models for the sealed system performance
based on process air side inputs corresponding to the range of true dryer performance.

2. RESEARCH ON HEAT PUMP DRYERS
2.1 Comparison to Standard Electric Tumble Dryers
A HPD is different from a SED. A HPD uses closed-loop process air that is continuously recirculated throughout the
drying cycle. As shown in Figure 1 (left), the air is moved by the blower across the condenser where it is heated,
then into the drum where the hot, low relative humidity (RH) air heats and evaporates moisture from the clothes
load. The air exits the drum and then crosses the evaporator to cool and dehumidify the air. In Figure 1 (right), a
SED pulls air from the ambient or the dryer cabinet and then it is passed across an electric heater. The air performs
the same process inside the drum, however after exiting the drum, the air is vented out of the product via a ducting
pipe to the exterior of the building.
Process Air
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Figure 1: Schematic of a HPD (left) and SED (right)
Due to the use of the electric heater and lack of energy recovery from the dryer exhaust flow stream, the SED
consumes much more energy than a HPD. Xinping and Pengyang (2011) presented an energy efficiency ratio (EER)
for the drying process, which is defined as the energy used to remove one kilogram of moisture from the load, of
0.945 kWh/kg for a SED and 0.525 kWh/kg for a HPD, an improvement of 44%. An additional benefit of the HPD
is that it can operate at lower temperatures than the SED which improves the life of the clothing. This is due to the
dehumidification of the air in the HPD which reduces the absolute humidity of the process air, allowing effective
drying at lower air temperatures (Xinping and Pengyang, 2011).
In 2013, a study was conducted sponsored by the United States Department of Energy to evaluate the current energy
standards for residential clothes dryers in the U.S. and the potential impact of increasing the standards. Lekov et al.
(2013) found that changing from a SED to a HPD could save 242 kWh per product per year. The benefit to the
customer was evaluated by the life cycle cost and the payback period. The average initial investment of a HPD is
$424 more than a base model SED. This difference was not offset by the operating cost savings and the median
payback period for a HPD is 22.1 years (Lekov et al., 2013).
In 2017, Yan and Hou (2017) compared HPDs to SEDs. Depending on the assumed coefficient of performance
(COP) of the system ranging from 2.5 to 3.5, the energy consumption of the HPD was found to be 53% to 39%
relative to that of the SED (Yan and Hou, 2017).
A study by the Environmental Protection Agency (EPA) published in 2011, reported that in 2009 80% of U.S.
households had clothes dryers, with less than 1% of those being ventless. Residential dryers were said to consume
6% of residential electricity in the United States. HPDs were estimated to save 20% to 60% of energy compared to
SEDs (EPA, 2011). Therefore, if 50% of households converted to HPDs, the total U.S. energy consumption could be
reduced by 0.6% to 1.8%.
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2.2 Chamber Clothes Dryers, Air Conditioning Waste Heat, and Recuperative Heat Exchangers
Due to the high investment cost of a HPD, other methods of drying clothes using vapor compression technology
have been investigated. One method is waste heat recovery from split-system residential air conditioning (AC).
These studies involved the use of a chamber for clothes drying that employs a fan to blow heated air from the
condenser of the AC across hanging clothes. Ambarita et al. (2017) showed that the specific moisture extraction rate
(SMER), in kilograms moisture removed per kWh of energy consumption, is greater for the AC waste heat system
than for the heat pump dryer at 2.222 (kg/kWh) and 1.492 (kg/kWh), respectively. The power consumption for the
waste heat recovery system is only the fan motor for the drying chamber and doesn’t include power consumption of
the compressor of the AC unit. Figure 2 shows a schematic of the system with the addition of a recuperative heat
exchanger from Nasutian et al. (2018) who constructed an AC waste heat recovery system with a recuperative
air-to-air heat exchanger (HX) between the evaporator and condenser of the AC process air and the outlet and inlet
of the drying chamber process air. This allows
the air temperatures inside the drying chamber
(T1), out of the drying chamber (T2), and out of
the recuperative HX going back to the condenser
(T5) to increase with the time of the drying cycle.
The system was tested with and without the HX
in place. With the HX there was a 15%
improvement in system COP and a 58%
improvement in SMER. The drying time was also
reduced from approximately 50 minutes without
the HX to just under 20 minutes with the HX.
A study performed by Ameen and Bari (2003)
evaluated the usefulness of AC waste heat for
clothes drying in humid tropics with a chamber
dryer versus natural air drying versus a
commercial dryer with a 1 kW heater. The drying
rate for the waste heat chamber dryer was 0.424
kg/h versus 0.139 kg/h for natural drying and
0.319 kg/h for the commercial dryer. The
additional energy consumption of the waste heat
dryer was negligible due to only the addition of a
fan (Ameen and Bari, 2003).

3: Hy brid Heat Pump Dryer with Open-Loop
Process Air TeGrotenhuis et al. (2013)

Figure 2: Chamber Type Heat Pump Clothes Dryer using
Waste Heat from AC, Nasutian et al. (2018)

Numerical and experimental studies were performed on a
hybrid heat pump dryer (HHPD) by TeGrotenhuis et al.
(2013). “Hybrid” indicates that the HPD includes an
electric heating element that is used during a portion of the
cycle. The dryer in this study, shown in Figure 3, had open
loop air flow which included a recuperative heat
exchanger to preheat the incoming ambient air prior to the
condenser and electric heating element. The energy factor
(EF), the dry weight of the load divided by the total power
consumption in lb/kWh, was used to compare the
experimental dryer to available HPDs in the market. The
market dryers had EFs between 4.0 and 4.5 lb/kWh. The
dryer in this study had an improved EF of 6.0 lb/kWh
(TeGrotenhuis et al., 2013).

2.3 Alternative Working Fluids
The use of alternative working fluids has been studied for HPDs. Braun et al. (2001) studied the use of an air
(reversed Brayton) cycle for a HPD. The MER (inverse of SMER) for the air cycle HPD was 0.58 kWh/kg versus
0.66 kWh/kg for the SED. The performance of the air cycle showed further improvement with decreased assumed
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percentage of air leakage and increased component efficiencies. Improvements in energy efficiency of up to 40%
compared to the SED were shown to be possible (Braun et al., 2001).
A transcritical CO2 cycle for a HPD was modeled in comparison to R134a by Sian and Wang (2019). The model
showed that the steady-state COP of the CO2 cycle was approximately 5.7 versus 5.3 for the R134a cycle. The
SMER for the CO2 cycle was 15% greater than for R134a. Additionally, the peak SMER occurred earlier for CO2
which led to reduced drying times by 13.5%. The compressor discharge pressure was approximately seven times
higher for CO2 than R134a (Sian and Wang, 2019).
Storslett (2018) extensively studied the replacement of R134a with R290 in a HPD. The HPD was tested with a
charge ranging from 100 to 150 grams of R290, with the best performance achieved with 150 grams. The COP of
the R290 system was 4.03 versus 3.80 for a HPD with 220 grams of R134a, an improvement of 6%. The SMER was
almost identical at 1.70 and 1.69 kg/kWh for R290 and R134a, respectively. The main considerations to change a
system to R290 are the compressor due to oil compatibility differences and the need to re-optimize the capillary tube
for proper expansion. One obvious drawback of R290 is its flammability (Storslett, 2018).

2.4 Thermoelectric Heat Pumps
The use of thermoelectric (TE) technology has been studied in HPDs. Patel et al. (2018) developed a steady-state
model of a thermoelectric tumble dryer (TED) and validated it with experimental data. The model accurately
predicted the system temperatures within 2 Kelvin and the power consumption, dry time, and SMER within 5%.
However, the system relative humidities were predicted only within 10%. The TED used three banks of TEs instead
of one to reduce the temperature lift and increase the efficiency of each bank. The EF to reach 2.95 kg/kWh which is
greater than the minimum requirement in the U.S. of 3.73 lbs/kWh or 1.69 kg/kWh (Patel et al., 2018).
Patel et al. (2017) studied the
performance of different banks of TEs in
a TED with varying temperature lift. A
schematic of the system is shown in
161
Figure 4. The first bank had the highest
I.,_
lift, the second bank had the second
f ol"
~ highest lift, and the third bank had the
lowest. It was predicted by the model
[5)
that the COP of each bank would
correlate to the lift. The first bank would
have the lowest COP, the second bank
the middle COP, and the third bank the
highest COP. The experimental results
did not agree with the model. The results
showed the second bank to have the
highest COP, the first bank to have the
second highest, and the third bank to
have the lowest. The COP values are
Figu.re 4: Schematic and Rendering of TED, Patel et al. (2017)
shown in Table 1. Patel et al. (2017)
suggested several reasons for this
disagreement and emphasized the importance of design, integration, and packing for TE technology.
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Further research on TEDs included the use
of a secondary water loop (Patel et al.,
2018). This setup used the TEs to heat and
cool water which then flowed through fin
and tube heat exchangers to heat and cool
the air. In the previous studies, the TEs
were used to directly heat and cool the air.
The result was a 31% improvement of Combined Energy Factor, which is the bone dry weight of the load divided by
the kilowatt hours, compared to SED (Patel et al., 2018).
Tab/.e 1: Measured vs Predicted Heating COP of TE Banks, Patel et al. (20 17)
Measured COP
Predicted COP
Bank 1
2.82
2.39
Bank2
3.06
3.23
Bank3
2.22
4.52
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2.5 System Modeling
Numerous studies have been conducted using system models for HPDs. Lee et al. (2019) created a HPD model that
included the transient full cycle with warm up, constant rate drying, and falling rate drying. This mathematical
model is more complex than earlier models and considers the geometry of the heat exchangers for heat and mass
transfer between the refrigerant and air. Lee et al. (2019) included a parametric study to determine the effects of the
volumetric flow rate of air as well as the size and number of rows of the heat exchangers. Of the three volumetric
flow rates of air chosen (0.04, 0.05, and 0.06 m3/s), it was found that a highest volumetric flow rate produced the
highest COP. The fan power was included in the COP calculation, suggesting that the optimal fan speed for
maximized COP is not yet found. Increasing the width of the heat exchangers improved the performance more than
increasing the number of rows (Lee et al., 2019).
Sian and Wang (2019) created a mathematical model of a single-stage air source heat pump that compared R134a to
CO2 as the working fluid. This transient model used a numerical procedure to iterate until an energy balance
between the discharge and suction sides of the compressor was achieved. The results are noted in Section 2.3. Sian
and Wang (2019) conducted a thorough analysis of the existing literature on HPD mathematical modeling and found
many focused only on steady-state and constant rate drying as well as quasi-steady state. Sian and Wang (2019)
expanded upon the model created by Lee et al. (2019) to include CO2 as a heat pump working fluid.
Earlier, Shen et al. (2016) developed a physics-based, quasi-steady model for a HPD which used segment to
segment models for the heat exchangers and an efficiency based model for the compressor. The clothes load was the
main transient component and was modeled using a heat and mass effectiveness method based on remaining
moisture content. The model was able to predict the main system trends as well as the total power consumption and
drying time. The model was validated using experimental data from a prototype HPD (Shen et al., 2016).
Other studies have been performed on tumble dryers. Zambonin et al. (2019) employed the use of soft sensors to
predict the moisture content in the load for a tumble dryer. It was found that a polynomial model best fit the curve of
moisture content over time. Gluesenkamp et al. (2019) developed a correlation for the mass transfer effectiveness of
a tumble dryer based on the load size, drum size, air flow rate, and drum moisture content. The errors were lower for
loads with higher moisture content and higher for loads with lower moisture content.

2.6 Control Optimization
Wei et al. (2018) developed a control method to decrease the energy consumption of an SED. This method used the
parameters of heater power, drum rotation speed, and air flow velocity. The dryer cycle was split into four stages:
warm up, constant rate drying, falling rate drying, and blowing. The stages were detected by measuring the RH of
the air at the outlet of the drum. It was found that by reducing the heater output in stages three and four, while
adjusting the other two parameters accordingly, a maximum of 21.5% decrease in energy consumption was achieved
compared to a standard cycle with constant parameter values (Wei et al., 2018).

2.7 Other Studies
There are numerous other research topics that have been investigated for HPDs. Cao et al. (2014) developed a
two-stage HPD. This setup incorporated two electronic expansion valves (EEV) and a flash tank which separated the
vapor from the liquid between the first and second expansion processes. The vapor was injected into the compressor
to increase the mass flow in the high side of the circuit and increase the heating capacity. The results showed a 25%
reduction in energy usage versus a HHPD (Cao et al., 2014).
For HPDs, process air leakage is an important factor that affects the performance of the product for both energy and
condensation efficiency. More air leakage increases the energy consumption and decreases the condensation
efficiency. Bansal et al. (2015) adapted a method used in HVAC to determine air leakage in HPDs. The process
included pressurizing and measuring the pressure of the system as it comes from the manufacturer and again with all
main leakage points sealed (drum front and rear, air filter, and baffle). Then each component was unsealed
separately, and the pressure was measured again. It was found that the drum front and rear leak the most. This was
due to the need to have rotation of the drum, so the fit cannot be over constrained. The leakage of the baffle was

5

found to be inconsequential. The air filter cannot be fully sealed as this would block the flow of the process air
(Bansal et al., 2015).

3. RESEARCH ON VAPOR COMPRESSION TECHNOLOGY
Outside of HPDs, a vast amount of research has been conducted on vapor compression cycles and components for
many different applications, including refrigeration, heat pump water heaters, and food drying. The following
focuses on technologies that are most relevant to near-term HPD improvements and includes alternative working
fluids, variable capacity systems, and control optimization.

3.1 Alternative Working Fluids
Transcritical CO2 cycles were studied and compared with other natural refrigerants by Sarkar, et al. (2004) for
process heat applications such as food processing and paper manufacturing, high temperature applications where the
process heat is required at 100°C and above, and simultaneous heating and cooling. It was observed at specific
evaporation conditions that CO2 has a heat transfer coefficient that is three to four times higher than that of the other
natural refrigerants. For COP, CO2 performed better at higher condensing temperatures. Of the seven refrigerants
studied, CO2 had the third highest COP for 100°C and 120°C condensing temperatures and the fourth highest COP
for 80°C condensing temperature. A negative of CO2 is the high operating pressure, with a critical pressure
approximately twice that of the other refrigerants studied (Sarkar, et al., 2004).
Xu and Clodic (1992) performed an exergy analysis on refrigerators and freezers with R12, R134a, and R290. The
losses of R134a were similar to those of R12 in the refrigerator. The losses of R290 were greater due to higher
operating pressures. For freezer applications, R134a was slightly less efficient than R12 while R290 was the least
efficient. It was recommended that the compressor be redesigned for R290 to reduce the losses. For the components,
the evaporator had large exergy loss due to the pressure drop and the compressor had large exergy losses due to its
complexity and numerous sources of inefficiency (Xu and Clodic, 1992).
A food heat pump dryer was tested with multiple refrigerants by Singh et al. (2019). Of the refrigerants used, SMER
was highest for R32 due to the low compressor power and lowest for R1234yf. MER and drying efficiency were
highest for R152a due to the highest drying inlet air temperature and lowest for R1234yf for most of the drying
cycle. The other refrigerants, R134a, R290, and R600a, were in between (Singh et al., 2019).
Nawaz et al. (2018) researched HFOs for heat pump water heaters. R1234yf and R1234ze(E) were compared to
R134a. The HFOs had comparable First Hour Rating, Unified Energy Factor, and COP to R134a. Whereas,
R1234ze(E) performed worse due to its lower volumetric capacity. A compressor with larger displacement was
suggested for R1234ze(E) to increase the performance (Narwaz et al., 2018).
Refrigerant blends of HFCs and HCs were researched by Khmel’njuk et al. (2004). R134a and R152a were mixed
with R600a at varying concentrations and tested in a small reciprocating compressor with mineral oil and synthetic
oil. The azeotropic blends of each increased the COP and cooling capacity versus the pure HFCs and performed
better with mineral oil than synthetic oil (Khmel’njuk et al., 2004).
A 50/50 mixture of R290 and R600a was investigated to replace R12 and R22 in standard refrigeration systems by
Ariyo et al. (2017). The R290/R600a blend had slightly lower efficiency and cooling capacity than R134a due to the
increased specific compression work and the decreased mass flow rate of the mixture (Ariyo et al., 2017).

3.2 Variable Capacity Systems
Adjusting the cooling or heating capacity of a system based on the load is important to ensure the highest efficiency
across a range of operating conditions. Yoo et al. (2014) developed a refrigerant charge control method to vary the
capacity of a heat pump system. This method used a reservoir between the condenser outlet and the evaporator inlet
fitted with valves. By adjusting the open and closed state of the valves, the refrigerant charge and thus the capacity
of the system could be adjusted to best match the secondary fluid conditions (Yoo et al., 2014).
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The distribution of current loads and harmonics of variable-speed drives for air conditioning and heat pumps was
investigated by Hoffman (1993). It was found that the total harmonic distortion increased as the load increased.
However, the derating between the primary and secondary harmonics decreased as the load increased. It was
recommended to study the maximum harmonic current levels allowable in a distribution system and alternative
methods to reduce harmonics (Hoffman, 1993).

3.3 Control Optimization
Ceylan (2009) developed a PID controlled heat pump food dryer. The PID controlled the process air temperature
within a small tolerance by using an inverter controlled fan across the condenser. The energy utilization and exergy
loss were both highest at the beginning of the cycle due to the energy required to bring the air from ambient
temperature to working conditions. The exergy loss decreased across the time of the cycle. For kiwi, the exergy loss
at 50 minutes was approximately 3.7 kJ/kg and was 2.5 kJ/kg at the end of the cycle (360 minutes) (Ceylan, 2009).
Corberán et al. (2008) studied the influence of refrigerant charge for a R290 driven water-to-water heat pump. It was
noted that systems without a liquid receiver depend greatly on the charge quantity. The refrigerant distribution in the
system was 50% in the condenser, 15% in the evaporator, 30% in the oil in the compressor, and the remaining in the
liquid line. Increasing the charge increased the subcooling by increasing the quantity of refrigerant in the condenser
in the liquid state. The optimum charge depended on evaporator, condenser, and port design, liquid line volume, and
the type of oil. Mineral oil showed a small decrease in COP because R290 is more miscible in mineral oil than
polyol ester, which increased the amount of refrigerant in the compressor for mineral oil (Corberán et al., 2008).
Yang et al. (2016) developed a control method for a heat pump food dryer. This method used a variable-speed
compressor and EEV in combination to control the superheat and process air drying temperatures. The EEV opening
was calculated based on the flow curves of the compressor and EEV. A PID was used to control the opening of the
EEV based on the compressor speed (Yang et al., 2016).

3.4 Other Studies Related to Clothes Drying
Numerous additional studies have been conducted on energy saving techniques and technologies applied to drying
and vapor compression cycles. Lowrey and Sun (2018) investigated an air-to-air plate heat exchanger used in
dehumidification applications. While not wholly applicable, one main result found is that a small negative tilt angle
of the heat exchanger reduced the air side pressure drop with a low decrease in moisture extraction rate (Lowrey and
Sun, 2018). This could potentially be employed for the heat exchangers of a HPD. Decreasing the pressure drop
would decrease the overall power consumption of the dryer.
Vapor injection methods were improved upon by Wang et al. (2016). Instead of the traditional injection port near the
discharge port, a construction on the blade was used to reduce flowback and performance degradation. This method
reduced flowback by 25%, increased the volumetric efficiency by 2%, and increased the COP by 3-8% depending
on the evaporating temperature (Wang et al., 2016).
He et al. (2014) studied vapor injection with an economizer for high temperature heat pumps. At a vapor injection
ratio of 10%, the power consumption was a minimum and the COP had the highest rate change. Increasing the
injection ratio further did increase the COP, but with lower returns. The heating capacity increased nearly linearly
with increased vapor injection ratio (He et al., 2014).
Huang et al. (2016) analyzed a two stage vapor injection cycle with a flash tank. The two stage system increased the
COP by 18.5% versus a single stage and the heating capacity improved by 63%. For the two stage system with a
variable capacity compressor the COP increased by 10.5% and the heating capacity by 155.6% (Huang et al., 2016).

4. ANALYSIS OF PREVIOUS RESEARCH
Considerable research has been done on HPDs and the improvement of energy efficiency for clothes drying. The
vast body of work on vapor compression technology gives further insight into probable areas for improved HPD
energy efficiency. A comparison of the MER of the main technologies discussed is shown in Figure 5. The
traditional HPD has a MER of 0.525 kWh/kg while the HHPD is the most efficient with a MER of 0.367 kWh/kg.
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The HHPD, Chamber with AC Heat Recovery, and the Transcritical CO2 HPP are the only three technologies which
improve upon the traditional HPD. The remaining technologies of Reverse Brayton HPD, R290 HPD, and
Thermoelectric HPD have greater MER than the traditional HPD, however close enough that improvements could
be made to match. It is clear that the SED with a MER of 0.945 kWh/kg is the outlier of high energy consumption.
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Figure 5: MER Comparison between main Clothes Dryer Technologies
While an interesting and potentially viable solution to energy constraints, especially in developing countries, the use
of waste heat recovery from residential AC is not wholly applicable to improve the efficiency of existing HPDs.
There is other research aimed at the thermal integration of residential appliances, where AC waste heat recovery
could be very useful. The sentiment is the same for chamber dyers. Although an innovative and creative solution, it
is not the focus of the HPD. The market and the consumer expect the convenience and space efficiency of the
tumble dryer and not a larger chamber that would be required for hang drying clothes with forced air.
Recuperative heat exchangers, in theory, are a viable means to improve the energy efficiency of an existing HPD.
The main issue in application is the space constraint inside the cabinet of the dryer. There is very little additional
free space and most systems are already configured with the existing internal equipment. If a recuperative heat
exchanger was added to the system, changes would need to be made to the existing components for fitment. This
could lead to costly tooling investments. Before making any changes to the existing parts, a means to test the
improvement from a recuperative HPD would need to be created.
Alternative working fluids for the future of vapor compression technology applied in HPDs should be chosen based
on both energy efficiency and environmental impact. Some replacements to refrigerants may be outlawed or reduced
due to environmental impacts. Thus, when considering replacements, it is important to consider the longevity of the
refrigerant. It would not be useful to focus research on refrigerants that are likely to be phased out of production and
use. Overall, the research on HPDs and vapor compression shows promising results for several alternative
refrigerants, including R290, R600a, R1234yf, R1234ze(E), R515A, and R152a. The performance of these
refrigerants compared to the traditional R134a, R22, and R410A is mixed depending on the applications and
operating points, but generally they perform comparably when used as drop-in replacements. These alternative
refrigerants are A3, A2, or A2L refrigerants, except for R515A. Some work has already been done with R290 as the
working fluids for a HPD. The results showed slightly improved COP and comparable condensation efficiency after
the system had been modified and optimized. It is important to consider the varying thermophysical properties of the
different refrigerants. Certain properties such as density, boiling and critical points, and latent heat of vaporization
could make certain refrigerants more or less suited to certain operating conditions. For other working fluids such as
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air and CO2, these are most likely not viable in existing HPD systems due to the high pressures. The sealed system
components would need to be updated and most likely cost added to make them safe for use at high pressures.
Although thermoelectrics are an interesting concept for HPDs, the current research does not show them to achieve
the efficiency of a HPD. Given the history of TE research over the past half century, it is not likely that significant
progress will be made to improve their efficiency over the vapor-compression. Additionally, due to the infrastructure
of vapor-compression HPDs, it is not currently a cost effective option to change the focus away from this technology
and invest in thermoelectrics. For the near future, TEDs are not likely to overcome vapor-compression for HPDs.
System modeling is an important tool for investigating improved technologies. The ability to simulate a system and
correlate the model to physical results is a valuable tool. This saves time and money and gives increased confidence
in the results. Several system models have been created for HPDs. Steady-state and quasi-steady state models may
not be adequate for the prediction of energy consumption, condensation efficiency, and cycle time. Transient models
could be useful for future work and improvements. The existing models do not include full refrigerant-side transient
analysis. This is an area where future research could expand on the currently available models of HPDs.
No specific research on the control optimization of HPDs was found. Control methods for other vapor compression
applications were reviewed and some could be viable for use in HPDs. PID control of the process air temperature
and the use of variable-speed compressors in combination with an EEV have both been studied for food drying heat
pumps. Both of these methods could be used on HPDs as a possible approach for improving energy efficiency.
Optimal control of condenser subcooling and/or evaporator superheat could also be considered for HPDs. A study
on SEDs showed reduced energy consumption by optimizing the duty cycle of the electric heater. However,
variable-speed control of HPD compressors would be a preferable method of controlling heat output compared to
on/off cycling. The losses of thermal energy in the refrigerant circuit during the off cycle would likely outweigh the
benefit of reducing the energy consumption. Additionally, this could have negative effects on the compressor
reliability due to increased activations.
Variable capacity systems also did not have a presence in HPD research. In vapor compression there are numerous
studies. Certain methods, such as that of Yoo et al. (2014), required very involved, bulky and expensive equipment.
It would not be feasible to use the required additional valves and tubes inside the space of a HPD. Methods for
bypass or vapor injection to increase the condenser heat output could be feasible if they required small components
and additional tubes. The extent of the negative effect on the evaporator capacity would need to be studied.

5. PROPOSED RESEARCH AREAS
There is a significant amount of research on Heat Pump Dryers and new technologies to increase efficiency.
However, there are several technologies that are widely used in vapor-compression that have not been tested on
HPDs or have limited information available. The suggested technologies to test and document for HPDs are:
1) Variable Capacity Compressors
2) Multistage Compression
3) Control Optimization
4) Electronic Expansion Valves
5) Thermal Expansion Valves
6) Alternative working fluids

6. CONCLUSIONS
As the energy constraints of our world increase, it is important that all aspects of energy consumption are
investigated for improvement while maintaining the standard of living. Household clothes dryers are one area where
these improvements can be made. This paper provided a detailed review of studies related to clothes drying using
several heat pump technologies including vapor-compression, thermoelectrics, waste heat recovery, and system
modeling. Additional energy saving technologies related to vapor-compression were also reviewed to understand
viable improvements that can be made to HPDs. There are many areas of opportunity where additional research can
be conducted to develop new technologies in HPDs to increase their efficiency and decrease their energy
consumption. It is important to continue research in this area to provide the most energy efficient technologies to
users of clothes dryers.
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NOMENCLATURE
AC
COP
EER
EEV
EF
HC
HHPD
HFC
HFO

Air Conditioning
Coefficient of Performance
Energy Eﬃciency Ratio
Electronic Expansion Valve
Energy Factor
Hydrocarbons
Hybrid Heat Pump Dryer
Hydroﬂuorocarbons
Hydrofluoroolefin

HPD
HX
MER
RH
SED
SMER
TE
TED
TXV

Heat Pump Tumble Dryer
Heat Exchanger
Moisture Extraction Rate
Relative Humidity
Standard Electric Dryer
Specific Moisture Extraction Rate
Thermoelectric
Thermoelectric Tumble Dryer
Thermal Expansion Valve
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